This paper summarizes in situ stress data by hydraulic fracturing method over the past 10 years along the Longmenshan fault belt, and these data can be divided into three segments: northern, middle, and southern. The orientations of the maximum horizontal stress rotate from north-northwest in the northern to northwest in the middle, and to west-northwest in the southern. The stress magnitudes are characterized by higher values in the two ends and lower values in the middle segment. Furthermore, three stress measurement campaigns in two boreholes on the northern segment of the Longmenshan fault belt, before and after the great earthquake, show clear stress decrease of 23%-29% in the shallow crust after the earthquake. Analysis using the mathematical fitting method also indicates a decrease in regional stress state after the earthquake. Meanwhile, the frictional characteristic indexes based on the stress measurements further imply that the frictional strength of the Longmenshan fault belt is characterized by a strong southern segment, a weak middle segment, and a moderately strong northern segment. The analysis based on the stress data implies that the northern and southern segments of the fault belt are extremely important stress concentration and transformation nodes of the regional stress regime.
Introduction
Great earthquakes often occur in the locked segment of active fault belts that have accumulated high stresses (Aki, 1984) . The manner in which the segment with stress buildup and possible seismogenic information in a fault belt is determined is critical for predicting medium-tolong-term earthquake risks. Wyss (1997, 2000) , Wyss and Matsumura (2002) , and Wyss et al. (2000) utilized the parameters that define the relation between magnitude and frequency to analyze the spatial distribution of the relative stress level along an active fault and to identify the areas with the highest stress buildup. Diao et al. (2011) analyzed the changes in tectonic stress regimes prior to the 2008 Wenchuan Earthquake and the 1999 Chi-Chi Earthquake using focal mechanism data of Ms 4.0-6.0 earthquakes, and observed that similar local stress regime transformations occurred before both earthquakes, suggesting that this phenomenon may be a precursor to intense earthquakes. The calculation of the increase/decrease in coulomb failure stress (CFS) is another way to analyze stress changes after a strong earthquake and the earthquake's positive or negative effects on neighboring faults (King et al., 1994; Lin and Stein, 2004) .
Findings from the World Stress Map (WSM) program show that the in situ stress data from the shallow crust agree well with focal mechanism data from the deep crust. Many studies worldwide (Li and Liu, 1986; Tanaka, 1986; Zoback, 1992; Zoback and Magee, 1991) have demonstrated that the direction of contemporary tectonic stress over a large region is relatively stable. Furthermore, the directions indicate a certain law and are closely related to geological structures and present tectonic movements, which is the basis for utilizing in situ stress data to explore the potential relation between tectonic stresses and earthquakes. By analyzing in situ stress measurements obtained from the shallow crust (depth b 50 m) after the Xintai, Haicheng, Longling, and Tangshan earthquakes, Li and Liu (1986) and Xie et al. (2003) observed that the principal and shear stresses of the epicentral area were considerably lower than those of adjacent areas, and that the maximum shear stresses obtained at locations far from the epicenter were up to two times greater than those in the epicentral area. The orientation of the maximum horizontal principal stress measured at the epicentral area shortly after the Tangshan Earthquake deviated considerably from the orientation of the regional tectonic stress; however, later, the two orientations were consistent (Li and Liu, 1986) . Liao et al. (2003) captured the stress changes on the seismogenic fault belt shortly before and after the Kunlun Earthquake (Ms 8.1, 2001.8) . Their measurements show that the stress values measured after the earthquake were only one-third of those measured before the earthquake (Liao et al., 2003) . Additionally, Guo et al. (2009) obtained valuable hydraulic fracturing in situ stress measurement data Engineering Geology 194 (2015) [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] before and after the Wenchuan Earthquake from the same borehole. The measurements indicate a 23%-29% decrease in horizontal stress magnitudes.
Previous studies on the seismogenesis of the Wenchuan Earthquake conducted from the stress viewpoint include the systematic analysis of focal mechanism data (Cai et al., 2011; Cui et al., 2011; Hu et al., 2008) , calculation of CFS (Parsons et al., 2008; Shan et al., 2009; Toda et al., 2008; Xie et al., 2010; Zhu and Wen, 2010) , and variation in shear wave splitting . Few efforts have been made to study the Wenchuan Earthquake using in situ stress measurements. Our research group has conducted tens of hydraulic fracturing stress measurement campaigns along the Longmenshan fault belt for more than 10 years. In this study, all the data were compiled to provide a new approach to enhance our understanding of the stress changes along the Longmenshan fault belt and of the seismogenic mechanisms leading to the Wenchuan Earthquake.
Geological background of the Longmenshan fault belt
The Longmenshan fault belt, which has a very complicated structure, is the boundary belt between the Bayan Har Block in the Tibetan Plateau and the South China Block in the eastern China. The fault belt experienced a very long geological evolution. With a 500 km length, the Longmenshan fault belt strikes NE-SW, extending southwestward to the Jinpingshan thrust nappe belt and northeastward to join the Qingling orogenic belt. The fault belt comprises four nearly parallel faults: the Guanxian-Anxian fault in the southeastern part, the Yinxiu-Beichuan fault in the central part, the Wenchuan-Maoxian fault in the northwestern part, and the Qingchuan fault. Among these faults, the Guanxian-Anxian fault is the southeastern most boundary fault of the Longmenshan fault belt; the Yinxiu-Beichuan fault is a major fault, also called the central fault; and the Wenchuan-Maoxian and Qingchuan faults are boundary faults on the northwestern side. The eastern and western sides comprise the Sichuan Basin and the Songpan-Ganzi orogenic belt (Deng et al., 1994) .
Seismological observations show that the movement intensity of the Longmenshan fault belt has been relatively weak since the Late Pleistocene epoch (i.e., during the last ten thousand years). The Holocene thrust slip speed of the western faults of the Longmenshan fault belt is 0.5-0.7 mm/a, and the right-lateral slip speed since the Late Pleistocene epoch is 0.8-1.0 mm/a (Ma et al., 2005; Tang and Han, 1993) . The vertical slip speed of the central fault is 1 mm/a, and the movement intensity of the eastern faults is similar to that of the central fault (Deng et al., 1994) . During the early and middle Pleistocene, the northern faults of the Longmenshan fault belt were active; however, these faults have not moved since the Late Pleistocene epoch, particularly after the middle of the Late Pleistocene epoch (Li et al., 2004) . The above findings agree with those obtained by Densmore et al. (2007) and Zhou et al. (2007) , who determined that the Yinxiu-Beichuan fault moves at a thrust speed of 0.3-0.6 mm/a with a right lateral slip speed of 1.0 mm/a, and that the Guanxian-Jiangyou fault moves with a thrust rate of 0.2 mm/a. Therefore, the vertical and horizontal slip speeds of the Longmenshan fault belt do not exceed 3 mm/a.
Historical and instrumental earthquake records show that there were five strong earthquakes of more than Ms 6.0 along the Longmenshan fault belt (Zhang et al., 2009a (Zhang et al., ,b, 2010 , and no earthquakes greater than Ms 7.0 since the beginning of documented Chinese history. However, historical earthquake records indicating that an earthquake greater than Ms 7.0 that may have occurred in the middle segment of the Longmenshan fault belt during the 1700 years prior to 2008 cannot be omitted . Evidently, the movement rate of the Longmenshan fault belt over approximately 1000 years, revealed by the intensity of historical earthquakes, was lower than that determined by the seismological observation at a scale of ten thousand years. The GPS observation results at a scale of ten years are consistent with the historical earthquake records (Gan et al., 2007; Shen et al., 2005) . These results imply that the Longmenshan fault belt was in a deadlocked state for more than 1000 years before the Wenchuan Earthquake. Additionally, a leveling survey from Aba County to Chengdu indicated that the Chuanxi Plateau was uplifted with respect to the Chengdu Plain during the 10 to 30 years before the Wenchuan Earthquake. The uplift rate peaked at 3.1 mm/a at Barkam, but the uplift rate of the Longmenshan fault belt with respect to the Chengdu Plain was less than 1 mm/a (Zhang et al., 2009a (Zhang et al., ,b, 2010 ; Department of earthquake monitoring and prediction of CEA, 2009), as shown in Fig. 1 .
Stress data

Method of in situ stress measurements
For civil engineering purposes, our research group has conducted tens of stress measurement campaigns along the Longmenshan fault belt for more than 10 years. The in situ stress data were obtained by hydraulic fracturing (Haimson and Cornet, 2003) . Hydraulic fracturing determines the orientation of the principal stresses in planes normal to the borehole axis on the basis of the azimuth of induced hydraulic fracturing planes and the pressure of boreholes that are open and close to the hydro-fractures. The curve of the recorded borehole pressure vs. time presents the characteristic pressure parameters P b , P r , and P s borehole. Finally, the horizontal stresses and tensile strength of the rocks are calculated using relevant equations (Lee and Haimson, 1989) . After the hydraulic fracturing operation has been conducted over a test interval, a fracture impression is conducted for the same test interval to determine the maximum horizontal stress orientation. Several techniques are available for the interpretation and definition of the typical hydro-fracturing parameters (Amadei and Stephansson, 1997; Zang and Stephansson, 2010) . As our data were obtained for civil engineering purposes, the parameter calculations and considerations are based on the suggested method (Haimson and Cornet, 2003) , and the main equations are as follows:
where S H = maximum horizontal stress, S h = minimum horizontal stress, P b = breakdown pressure of fracturing, P r = fracture reopening pressure, P s = fracture closure pressure, P 0 = pore water pressure at the test interval, and T hf = tensile strength of rock. The vertical stress (S V ) can be estimated using the weight of the overburden rock:
where ρ = unit density, g = gravitational acceleration, and d = depth. Ever since the hydraulic fracturing in situ stress measurement technique was proposed by Haimson and Fairhurst (1970) , research using this technique has continued (Amadei and Stephansson, 1997; Ito et al., 1999 Ito et al., , 2006 Zang and Stephansson, 2010; Chang et al., 2014) . The major drawback of this technique is its inaccurate determination of the maximum horizontal principal stress (Ito et al., 1999) due to inaccurate interpretation of the reopening pressure (P r ). According to a statistical analysis conducted in a previous study (Amadei and Stephansson, 1997) , the error range of the minimum horizontal principal stress S h is approximately 10%. On the basis of Eq. (2), the error range of the maximum horizontal principal stress S H is up to 30%. To improve the accuracy of hydro-fracturing in situ stress measurement, Ito et al. (2010) developed a BABHY (Baby Borehole Hydraulic fracturing) test system for deep boreholes with depths greater than 2000 m. However, many hollow cylinder rock specimen tests have been conducted to replace Eq. (3) with the results of laboratory tensile strength tests (Amadei and Stephansson, 1997; Yamashita et al., 2010; Chang et al., 2014) . Nevertheless, the classic equipment, procedures and equations recommended by ISRM (Kim and Franklin, 1987) and Haimson and Cornet (2003) were adopted in this study because our measurements were obtained by different test teams over a period of ten years and the only way to ensure consistency across all teams was to follow the widely used and accepted regulations.
Description of stress data
Stress measurements for civil engineering purposes are restricted by the shallow depth of the test interval. After compilation of all the stress data, high-quality data were selected with reference to the acceptable standards. First, the data that did not have any stress orientations were not accepted, which are ranked as D in WSM (Heidbach et al., 2008) . Second, only data below certain depths were selected because stress data from a shallow test interval can be affected by various factors (Haimson, 2010) . Zoback (2007) suggested that in situ stress measurements conducted at depths greater than 100 m seem to be independent of nontectonic processes. Third, previous research findings for the stress regime based on seismogeological research and focal mechanism data show that the stress state in this area should be favorable for thrust or strike slip faults (Anderson, 1951) . Therefore, if the stress data could not define the stress state as either of the two types expected above, the measured data were excluded. As the test depths of the data were greater than 100 m, according to the WSM data quality ranking system, the data should be ranked as category B or C.
The stress data were categorized according to the geographical locations and measurement date. The locations and stress orientations are shown in Fig. 2 . These data were obtained from 29 different measurement sites. Tables 1 and 2 summarize all stress data and include the details of the lithology of the measurement sites, data quality, and initial analytical results. Among the boreholes, one was used for repeated stress measurement on the Beichuan-Yinxiu fault after the Wenchuan Earthquake; the repeated test results are also listed in Table 2 .
In Tables 1 and 2 , k Hmax , k hmin , μ m , and R, were calculated using Eqs. (5) to (8) with the measured values of the three principal stresses. The lateral pressure coefficients in geotechnical engineering k Hmax and k hmin represent the ratios of the maximum and minimum horizontal principal stresses to the vertical stress. The ratio of the maximum shear stress ((σ 1 − σ 3 ) / 2) to the mean effective stress ((σ 1 + σ 3 ) − 2P f ) / 2 (where P f is the pore pressure) is μ m , which agrees well with the friction coefficient predicted using the Coulomb frictional-failure theory, Eq. (9) (Zoback, 2007; Zoback and Townend, 2001) . Therefore, μ m , defined as the frictional characteristic index, has a similar physical meaning to μ (apparent friction coefficient) for optimally oriented faults with respect to Eq. (9) and Fig. 3 , as demonstrated in Appendix A. Jamison and Cook (1980) compared the relation between in situ stress data and various types of fault, and observed that the fitted slope on a plot of maximum shear stress vs. average principal stress represented the Coulomb friction coefficient. Furthermore, Jamison and Cook (1980) observed that different types of faults were characterized by varying friction coefficients, which actually reflected the differences between faults. Essentially, μ m is an indicator that reflects the stress buildup in the upper crust. According to Chang et al. (2010) , for the best-fit stress model to cause a fault to slip, the value of R is estimated to be approximately 0.5, i.e., the magnitude of σ 2 is nearly the average of the magnitudes of σ 1 and σ 3 . 
Before the Wenchuan Earthquake, most of the stress data in Table 1 , which were obtained from different boreholes, were in thrust fault conditions (60%), and the remaining data were in strike slip fault conditions (40%). However, after the Wenchuan Earthquake, most measurement data were in strike slip fault conditions (58%), with a smaller amount in thrust fault conditions (42%). These results agree well with the focal mechanism and field investigation results of seismic surface ruptures of the Wenchuan Earthquake (Teng et al., 2008; Xu et al., 2009; .
Using the data presented in Tables 1 and 2 and the measurement locations indicated in Fig. 2 , the measured in situ stress data along the Longmenshan fault belt can be divided into three segments: southern, middle, and northern. As the measurement locations are rather sparse and concentrated in these three segments, we discuss the data in terms of these three major regions. The stress orientations along the Longmenshan fault belt (shown in Fig. 2 ) rotate slightly from the northern to southern segment, i.e., the stress orientation alters from northnorthwest in the northern segment to north-west in the middle segment, and to west-northwest (or nearly east-west) in the southern segment. From Fig. 4 , the characteristic values based on the measurements can be further divided into three subgroups: southern, middle, and northern. Compared with the stress data prior to the Wenchuan Earthquake, the stress magnitudes determined after the earthquake decreased to some extent. In Section 4, the stress data before and after the earthquake will be compared and discussed with regard to the northern, middle, and southern segments. The potential geodynamic significance of the data will also be addressed.
Analysis of stress data
Stress changes
In this section, the geodynamic significance of the data from Tables 1  and 2 will be discussed and analyzed. In Section 3, the stress state defined by the measurements was analyzed with respect to the theory of Anderson (1951) , and the stress orientations were discussed statistically. However, these analyses were not sufficient to reveal the geodynamic significance of the stress data. Therefore, the modified Sheorey's model (Sheorey, 1994; Wang et al., 2009 ) was used to fit the measured stress data before and after the earthquake, as shown in The stress data obtained before and after the earthquake and the data-based fitting equations coincided with the range of 100/z + 0.3 b k av b 1500/z + 0.5, as suggested by Brown and Hoek (1978) . At the same time, the distribution law of the stress data from the shallow crust was consistent with the findings of Batchelor (1984) and Rummel et al. (1986) , which further demonstrates the reliability of the stress data used in this paper. However, for depths greater than 2 km, the results of the fitting equations were less than the ranges of k Hmax ≈ 1.0 and k hmin ≈ 0.5 given by Rummel et al. (1986) . Batchelor (1984) suggested that the distribution law of stresses in the hot and dry granite of Cornwall should be k Hmax = 580/Z + 1.06 and k hmin = 150/z + 0.5. However, under such stress conditions, fluid injected into a 3-km-deep borehole induced micro-earthquakes in the rock mass, indicating that the stress state was that of critical equilibrium. Comparing the fitting equations based on hydraulic fracturing measurements before and after the Wenchuan earthquake, the stress state after the earthquake decreased significantly. Assuming that the depth is equal to 1 km, the values of S H and S h calculated with the fitting equations before the earthquake were 31.9 and 19.9 MPa, respectively. However, S H and S h calculated with the fitting equations after the earthquake were 22.9 and 15.5 MPa, indicating a decrease of 28.2% and 22.1%, respectively. The fitting equations are based on stress data from tens of measurement campaigns and therefore represent the stress state of the entire region along the Longmenshan fault belt. The result of the comparison thus implies a decrease in the tectonic stress field in this area after the earthquake. Because of the fitting parameters, the fitting equations may be influenced by the mathematical model or other factors. The stress decrease reflected by the fitting equations must therefore be confirmed by further research or alternative methods.
After discussing the entire regional stress state, the method of Zoback and Townend (2001) was applied to the measured stress data to analyze the relation between maximum shear stress and mean normal stress. Data from before and after the earthquake (Tables 1 and 2 ) are plotted on Fig. 6 (a) and (b), respectively. From Fig. 5(a) , before the earthquake, data from one point of the southern segment fall in the range constrained by μ = 0.6-1.0 through Byerlee's law. Furthermore, data from another point of the southern segment were beyond the range set by μ = 1.0, and data from the middle and northern segments were within the range constrained by μ = 0.2-0.6. Although the stress state based on measurements did not reach the limit defined by μ = 0.6 (Zoback and Townend, 2001) , the Wenchuan Earthquake struck the middle and northern segments of the Longmenshan fault belt. As shown in Fig. 5(b) , after the earthquake, most data fall in the range defined by μ = 0.2-0.6; however, data from two points of the middle segment and one point of the southern segment were within the range defined by μ = 0.6-1.0. According to the Byerlee's law, the whole stress state of this area did not reach the lower limit of frictional slip, but there was an intense earthquake in this area. This implies a low frictional strength of the Longmenshan fault. In accordance with the theoretical deduction in Appendix A, μ m calculated with the measured stresses was similar to μ. Therefore, the μ m values of different segments along the Longmenshan fault belt were calculated. The μ m values for the southern, middle, and northern segments calculated using pre-earthquake data (Table 1) , were 0.67, 0.35, and 0.36, respectively, which have the same geodynamic meaning as Fig. 6(a) . The μ m values of the southern, middle, and northern segments calculated using postearthquake (Table 2) were 0.41, 0.37, and 0.31, respectively, which have the same geodynamic meaning as Fig. 6(b) . If the postearthquake data from two points in the middle segment with totally different lithologies were excluded, the μ m for the middle segment would be 0.31 for the middle segment. Based on its defining equation, μ m not only reflects the frictional property of regional faults but also indicates the stress buildup of a single area. Correspondingly, when all μ m values calculated from the stress data before and after the earthquake were averaged, the mean μ m values along the Longmenshan fault belt are 0.46 (pre-earthquake) and 0.36 (postearthquake). The percentage decrease in mean μ m after the earthquake was 22%, which is similar to that determined by the fitting equation. The geodynamic meaning of μ m will be discussed in detail below.
Repeated measurements after the earthquake
The Wenchuan Earthquake occurred abruptly, and most scientists did not make any psychological or disaster relief preparations prior to this great earthquake. Fortunately, during April and May 2008, before the Wenchuan Earthquake, four hydraulic fracturing in situ stress measurement campaigns were conducted by our research group in Qingchuan and Guangyuan prefectures in the northern segment of the Longmenshan fault belt. In particular, a stress measurement campaign was completed on May 6, 2008 for borehole QC-M-Y, which is located in the mountainous area of Muyu village, Qingchuan County, 7 km from the seismogenic fault. This borehole was in the hanging wall of the seismogenic fault, and three other boreholes were in the footwall of the fault belt (as indicated in Fig. 2 ). After the Wenchuan Earthquake, a hydraulic fracturing stress measurement campaign was conducted in borehole QC_M-Y2, which is adjacent to borehole QC_M-Y, and the stress measurement campaign was repeated in borehole QC_M-Y to study the change in the in situ stresses before and after the earthquake. For the repeated stress measurement campaign in borehole QC_M-Y, the test and calculation procedures followed the principles set up by Haimson and Cornet (2003) . Actually, the repeated stress measurement was performed as per the hydraulic fracturing tests on pre-existing fractures, i.e., the pre-induced hydraulic fractures were reopened at the same test interval in the same borehole after the earthquake. The stress measurement results are presented in Tables 1 and 2. The original testing records before and after the earthquake in borehole QC_M-Y on the seismogenic fault belt are shown in Fig. 7 . The recording curves are quite typical, and the characteristic hydraulic fracturing parameters, particularly the fracture closure pressure (i.e., the minimum horizontal principal stress), are quite clear and definite on the recording curves. Therefore, the measured results are considered to be accurate and reliable, and can truly represent the in situ stress state at the testing site (Amadei and Stephansson, 1997) .
The comparison of the pre-earthquake and postearthquake stress measurement data from borehole QC_M-Y showed that the stress magnitude decreased significantly and the changes in the maximum and minimum horizontal stresses at a depth of 408.80 m were 5.87 and 3 MPa, respectively. The values of k Hmax , k hmin , and μ m determined after the earthquake decreased by 24%, 21.7%, and 28%, respectively, compared with the pre-earthquake values, similar to the previous results; however, the magnitude of R increased. Only when R was close to 0.5, the stress state was more favorable for the fault slip, and R increased by 10%. Before the earthquake, the stresses determined through borehole QC-M-Y were in thrust fault conditions, i.e., S H N S h N S V ; however, the postearthquake stress state then became favorable for the strike slip or thrust fault movement, i.e., S H N S V ≥ S h .
Borehole QC-M-Y2 was 500 m away from borehole QC_M-Y, and the two were at approximately the same elevation; additionally, underground water levels in the two boreholes were 56 (QC-M-Y2) and 28 m (QC-M-Y). These boreholes were in the same geological unit with the same lithology; but the stress measurement campaigns were conducted before and after the earthquake. Therefore, comparing the stress data from two similar boreholes may provide valuable information. After analysis, it is observed that the stress magnitudes from borehole QC-M-Y2 were to some degree less than those from borehole QC-M-Y. The percentage decreases of k Hmax , k hmin , and μ m determined after the earthquake were 12.24%, 10%, and 18.7%, respectively, which were similar to the decrease tendency of the repeated measurement obtained from borehole QC-M-Y after the earthquake. However, the decrease in amplitudes estimated with the data from borehole QC-M-Y2 was smaller than that from borehole QC-M-Y, but R increased by 11.3% with respect to the pre-earthquake value estimated from borehole QC-M-Y. The measurement results after the earthquake are similar for both boreholes. At the same time, the stress state determined by borehole QC-M-Y2 is that of thrust or strike slip conditions, i.e., S H N S h ≥ S V .
Stress measurement campaigns were conducted in four boreholes in Guangyuan precinct in the footwall of the Longmenshan fault belt from December 2007 to April 2008. After the earthquake, stress measurements were obtained from one borehole on May 23, 2008. All the boreholes contained sedimentary rock; thus, the stress measurement results can be compared with each other. These results are shown in Tables 1 and 2. The calculated parameters were plotted on the same figure to compare the variation before and after the earthquake Fig. 8 . As seen from the figure, before the earthquake, the stress data from three of the five boreholes reflected thrust-fault stress conditions, and the other two exhibited strike slip fault stress conditions. After the earthquake, however, the stress data from one borehole indicated strike slip stress conditions. The values of k Hmax , k hmin , μ m , and R obtained from the six boreholes changed slightly before and after the earthquake. This lack of remarkable stress change may be attributed to the location of the measurement sites. The measurement sites are on the footwall, where the stress state is more stable than on the hanging wall; conversely, the measurement sites are tens of kilometers away from the surface rupture; hence, the earthquake may have had little influence on the stress in these sites. In fact, research on the spatial distribution of landslides triggered by the Wenchuan Earthquake also indicated that distance from the causative faults was one of the two major factors linked to the occurrence of landslides (Qi et al., 2010) . Therefore, distance from the seismogenic fault is a key factor when investigating earthquake-caused changes.
Discussion
Geodynamic significance of stress changes
In the previous section, we discussed our repeated measurement results from one borehole in Muyu village, Qingchuan County, in the northern segment of the Longmenshan fault belt, and observed that Table 1 ; black, green, and red denote northern, middle, and southern segments, respectively. (b) Shear stress vs. mean normal stress based on the stress data in Table 2 ; black, green, and red denote northern, middle, and southern segments, respectively. the stress magnitudes decreased after the earthquake. During 2001 and 2002, repeated stress measurement campaigns were conducted on the seismogenic fault belt before and after the Ms 8.1 Kunlun Earthquake (Liao et al., 2003) . According to Liao et al. (2003) , the stress magnitudes defined after the Kunlun Earthquake were only one-third of those determined before the earthquake, and the percentage decreases of k Hmax , k hmin , and μ m after the earthquake were 73%, 74%, and 19%, respectively, at one site and 67.6%, 72.4%, and 20%, respectively, at the second site. The decreases in amplitudes for the two test sites are similar; however, the decrease in amplitude after the Kunlun Earthquake was considerably higher than at the QC_M-Y test site after the Wenchuan Earthquake. The depth of the stress test interval adopted by Liao et al.(2003) was considerably less than the 100 m acceptable depth recommended by Zoback (2007) . At a depth of 100, the measured stresses are seldom affected by surface topography; therefore, the measurement results may have been influenced by landforms and surface erosion (Haimson, 2010) . In addition, the accumulated stresses in the surface rock mass would be released quickly, as per the findings of Li and Liu (1986) . For μ m , the decreases in amplitudes were similar for the two test sites after the Wenchuan and Kunlun earthquakes. Tanaka et al. (1998) conducted several stress measurement campaigns near the epicentral area before the Hyogo Earthquake in Japan (January 1995, Ms 7.2) and demonstrated that the stresses increased gradually. To track the stress variation after the earthquake, two hydraulic fracturing stress measurement campaigns were undertaken in the same boreholes at two test sites, Hiragi and Heirloom.
The results before and after the earthquake showed that the stresses decreased significantly after the earthquake, as shown in Fig. 9 . From the results of Tanaka et al. (1998) , the values of μ m at Hiragi and Heirloom tended to increase before the earthquake and reached 0.6 at the end of 1994. However, after the Hyogo Earthquake, μ m decreased to 0.2 and the shear stresses decreased to the common level well before the earthquake. The percentage decrease of μ m was up to 66.7%, which is substantially higher than those values estimated after the Wenchuan and Kunlun earthquakes.
The comparison of measurements obtained before and after these three great earthquakes demonstrates that the stress decrease after the Wenchuan Earthquake was less than those after the Kunlun (Liao et al., 2003) and Hyogo (Tanaka et al., 1998) earthquakes. This is attributed to surface rupture range and changes in CFS. According to the postearthquake geological investigation, the Ms 8.0 Wenchuan Earthquake ruptured the middle to northeastern segments of the central fault (Yingxiu-Beichuan fault) and the middle segment of the front-range fault of the Longmenshan fault belt. This created a coseismic surface rupture zone with a total length of approximately 240 km that extended approximately 15 km along the fault zone from west-southwest of Dujiangyan to southeast of Pingwu or southwest of Qingchuan . Inversions based on InSAR and GPS data on the coseismic surface ruptures Hao et al., 2009; Tong et al., 2010) verified the field investigation results. There were no visible coseismic surface ruptures in Muyu village, Qingchuan County. Coseismic surface ruptures are always a major form of stress release after a great earthquake. Repeated measurements obtained from the second borehole QC_M-Y2 in Muyu village, close to the borehole QC_M-Y, also indicated a small stress decrease after the earthquake. Stress decreases are ongoing after the Wenchuan Earthquake, as there have been a number of aftershocks under this area . Considering changes in CFS as an alternate reason for the stress decrease, the Wenchuan Earthquake is believed to have increased CFS with a magnitude of 0.03-0.06 MPa on the Qingchuan fault, close to the northern end of the coseismic surface rupture (Shan et al., 2009; Toda et al., 2008; Xie et al., 2010; Zhu and Wen, 2010) . Therefore, it is concluded that the stresses on the northern segment of the Longmenshan fault belt have not been released completely by the Wenchuan Earthquake.
By the comparison of these three strong earthquakes, it is found that the stress buildup before an earthquake and the stress release after an earthquake can be evaluated in the shallow crust using hydraulic fracturing in-situ stress measurement. Thus, long-term repeated stress measurements in a specific site can be utilized to monitor stress changes in the shallow crust at a potential seismic epicenter. The results for the Fig. 7 . Original recording curves of hydraulic fracturing in situ stress measurements before and after the earthquake. Fig. 8 . Comparison of in situ stresses of two measurement sites before and after the earthquake. three earthquakes discussed above demonstrated that μ m , the frictional characteristic index, is a good indicator of stress buildup in the shallow crust, and hence can provide valuable information about pre-earthquake stress buildups. This knowledge is valuable for predicting earthquakes in potentially seismic regions.
Frictional strength of the Longmenshan fault belt
The stress accumulation of the upper crust agrees well with the range defined by Byerlee's law (Chang et al., 2010; Hickman and Zoback, 2004; Reasenberg and Simpson, 1992; Zoback et al., 1993) . In fact, there is a rather large gap between the real value of μ calculated from measured stresses and the ideal value of μ = 0.6-1.0 during the stress buildup process in the upper crust. Zoback and Healy (1984) and Townend and Zoback (2000) investigated the ratio of shear stress to normal stress on the fractures at numerous research sites, and showed that only 10%-20% of data approaches or exceeds the limit defined by μ = 0.6; most values were lower than this value. Chang et al. (2010) investigated the relation between measured stresses and data of active faults, concluding that the stress magnitudes are inversely related to the activity of regional faults. From the stress data collected by Chang et al. (2010) , μ m values in thrust, strike-slip, and normal faulting areas in the South Korea Peninsula were 0.27, 0.23, and 0.11, respectively, and the average value was 0.20. Jamison and Cook (1980) estimated μ m values from 50 sets of stress data among which the largest depth was 1900 m; the μ m values based on stress data of thrust, strike-slip, and normal faulting conditions were 0.62, 0.22, and 0.43, respectively, and the average was 0.52. The SAFOD (San Andreas Fault Observatory at Depth) program obtained many stress measurements from several deep boreholes. Analyses of these data by the method suggested in this paper gave a mean μ m value of 0.56 on the basis of pilot hole measurements (Hickman and Zoback, 2004) . Similarly, the mean μ m values based on measurements in two deep boreholes in the Cajon Pass (Healy and Zoback, 1988; Zoback and Healy, 1992) were 0.59 and 0.60, respectively. The slip movement speed of the regional San Andreas Fault near the Cajon Pass has been 24.5 ± 3.5 mm/a over the past 100 years (Meisling and Weldon, 1982) . After the 1995 Hyogo-ken Nanbu Earthquake, in addition to the research conducted by Tanaka et al. (1998) , three research boreholes were drilled in NojimaHirabayashi, Iwaya, and Kabutoyama along the Nojima fault, and hydraulic fracturing measurement campaigns were conducted in these boreholes (Ikeda et al., 2001) ; the mean μ m values based on the measurements were 0.32, 0.34, and 0.33, respectively. All findings obtained across various locations indicated that μ m ranges from 0.1 to 0.6, reflecting the geodynamic behaviors of different areas. In conclusion, μ m is a potentially important geodynamic indicator for future research. From the above discussion, μ m values within the range of 0.5-0.6 indicate a high stress buildup in the shallow crust, implying that earthquakes will occur in region of stress buildup.
In Section 4.1, the geodynamic meaning of μ m values was discussed in terms of stress measurements along the Longmenshan fault belt. Consistent with previous studies, the μ m values reflected not only the stress buildup along the Longmenshan fault belt, suggesting that the shallow crust is in a critical or sub-critical equilibrium state (i.e., μ m = 0.30-0.67), but also indicated the frictional strength of different segments of the Longmenshan fault. Verberne et al. (2010) investigated the static friction coefficients of fault gouge specimens obtained at the Bajiaomiao outcrop on the Yinxiu-Beichuan fault after the Wenchuan Earthquake under normal pressures of 58 to 73 MPa and temperatures of 25 to 150°C; the corresponding friction coefficient was 0.40. Zhang and He (2013) (2011) performed anelastic strain recovery (ASR) tests using cores obtained from the Wenchuan Scientific Drilling Program. The mean μ m value based on the ASR stress data was 0.37, which coincides with the range of μ m values calculated using hydraulic fracturing stress measurements. A comparison of the friction coefficient determined by laboratory static friction tests and the μ m values calculated using field measurements indicates that these two types of data are closely linked and fall within almost the same range. This proves that the shallow crust of the research area is in a state of frictional equilibrium, and that both data types indicate the frictional strength of regional faults. Townend (2006) suggested that focal mechanism solution (FMS) data can be used to estimate the frictional strength of a regional fault using the Mohr-Coulomb theory. Therefore, existing FMS data were used to analyze the frictional strength of the Longmenshan fault belt and further verify previous results. Yu et al. (2010) investigated the properties and structures of different segments of the Longmenshan fault belt using FMS data for the Wenchuan Earthquake and its aftershocks. By using the FMS and fault geometry data provided by Yu et al. (2010) and the method proposed by Townend (2006) , the frictional strength of five sections of the Longmenshan fault belt was estimated at four depth levels, as shown in Table 3 .
The Hongkou, Longmenshan, and Chaping sections described in Table 3 belong to the middle segment of the Longmenshan fault belt investigated in this paper. The Nanba section is part the northern segment of the fault belt. The friction coefficient of faults in the shallow crust (0-5 km) based on calculations from the FMS data ranged from 0.4 to 0.6; in particular, the friction coefficient at the epicenter was as high as 0.56. For depths of 5 to 13 km, the coefficient ranged from 0.3 to 0.5, and the friction coefficient of the northern segment was higher than that of the middle segment. For depths of 13 to 19 km, the friction coefficient decreased significantly, particularly at the Longmenshan section (to 0.2); however, the coefficient only decreased slightly in the northern segment. Overall, the friction coefficients in the northern segment remained fairly stable at different depths. The friction coefficients based on the thrust faulting FMS were all greater than 0.45, indicating a medium to slightly high frictional strength for the northern segment. However, the frictional strength of the middle segment was slightly higher at shallow depths, and declined as the depth increased. Furthermore, the friction coefficient was stable at 0.2 to 0.3, indicating a low to medium frictional strength of the middle segment at a great depth and a high frictional strength at shallow depths. For an overview of the Longmenshan fault belt, all the frictional parameters based on hydraulic fracturing measurements, laboratory static friction tests, and focal mechanism data are plotted together in Fig. 10 . A synthetic analysis of Fig. 10 shows that the frictional strength of the Longmenshan fault can be divided into three segments of which the southern segment is the strongest, the middle segment is the weakest, and the northern segment has intermediate strength.
Additionally, information on the frictional strength of the Longmenshan fault is useful for investigating the faulting mechanism of the Wenchuan Earthquake. In the past 2000 years, many Ms 6.0 and larger earthquakes have occurred in the middle and northern segments of the Longmenshan fault belt; however, fewer strong earthquakes occurred in the southern segment, suggesting that the background conditions of the middle and northern segments are more favorable for earthquakes. The higher frictional strength of the southern segment, in our opinion, is the main reason for fewer larger earthquakes on the southern segment relative to the middle and northern segments. At the same time, this phenomenon shows that the frictional strength controls the stress state of different segments along the Longmenshan fault belt, which is in agreement with the conclusion of Chang et al. (2010) . The northeastern extension of surface ruptures from the epicenter during the Wenchuan Earthquake can be regarded as proof of the above result, i.e., the surface rupture ran through weaker crust. According to a seismogenic explanation provided by Zhang et al. (2009a Zhang et al. ( ,b, 2010 , the nucleation location of the Wenchuan Earthquake is not in a shallow area of the Longmenshan fault belt but instead under the Songpan-Ganzi orogenic belt (Wang et al., 2010) to the west of the surface area of the Longmenshan fault belt. GPS observations obtained prior to the earthquake show that horizontal and vertical displacements along the Longmenshan fault belt are very small (Zhang et al., 2009a (Zhang et al., ,b, 2010 ; however, leveling survey results indicate that there is pronounced uplift in the Songpan-Ganzi orogenic belt. Viscoelastic modeling of stress accumulation in the Longmenshan fault belt further demonstrates that the stress increase rate is larger at greater depths in the upper crust in this area (Liu et al., 2012) . These findings imply that the surface middle segment of the Longmenshan fault belt is not the location of stress accumulation but instead the area of stress release and coseismic surface rupture. The fact that the stresses at the southern and northern segments of the Longmenshan fault belt are rather high implies that the southern and northern end zones of the fault belt are extremely important areas of stress concentration and transformation, and that the stress release at the two locations is not very large.
In addition to enhancing understanding of the Wenchuan Earthquake, the insights on stress changes before and after a great earthquake and μ m based on the in situ stress measurements presented in this study have other potential engineering applications. For example, support or prevention design criteria for facilities such as pipelines, tunnels, and slopes require estimates of the amounts of stress change before and after an earthquake when the facility is located in a meizoseismal area. The cases in this paper provide reference values for stress changes for an earthquake of similar magnitude. For most applications, the findings for the Wenchuan Earthquake provide a conservative mean value for stress changes. For stress buildup and the friction strength of faults, μ m can be used as an indicator to predict the possible stress state from the regional seismic events and focal mechanism data in engineering areas for which stress measurements are not available. The μ m range of 0.2 to 0.5 could provide upper and lower boundaries for future predictive analysis.
Conclusions
From the comparison and analysis of stress measurements along the Longmenshan fault belt obtained over 10-year period spanning before and after the Wenchuan Earthquake, the following conclusions were obtained:
(1) The in situ stress state of the Longmenshan fault belt can be divided into three segments: northern, middle, and southern. The orientation of the maximum horizontal stress rotates counterclockwise, i.e., the orientation turns from north-northwest in the northern segment to northwest in the middle segment, and to west-northwest in the southern segment. The stress magnitudes are higher in the end segments than that in the middle segment. (2) Analyses of stress data along the Longmenshan fault belt using modified Sheorey's model and the calculated μ m values indicate a significant stress decrease after the Wenchuan Earthquake. In addition, the stress measurement results from two boreholes in the northern segment of the Longmenshan fault belt in Muyu village, Qingchuan County before and after the earthquake indicate a fairly significant stress change in the shallow crust after the earthquake, with estimated percentage decreases of 23%-29%. (3) μ m is a good indicator of the regional stress buildup and frictional strength of regional faults, and in general, is in the range of 0.1-0.5. The mean μ m value of the Longmenshan fault belt, Notes: (1) "?" indicates that the dip angle of the fault is uncertain when the depth is greater than 19 km, and "/" indicates that FMS data are unavailable; (2) TF = thrust fault, SS = strikeslip fault. Fig. 10 . Frictional strength of the Longmenshan fault at different depths based on field measurement data, laboratory test results, and FMS data (red, black, and blue denote the southern, middle, and northern segments, respectively).
calculated using field stress measurement data, is in the range of 0.46-0.36. The μ m values based on the stress measurements further indicate that the Longmenshan fault belt can be divided into three different segments in terms of the frictional strength: a strong southern segment, weak middle segment, and a moderately strong northern segment. This finding was verified by laboratory static friction tests, FMS data, and the seismic surface rupturing process of the Wenchuan Earthquake. (4) Analyses of the in situ stress data along the Longmenshan fault belt and the seismogenic processes of the Wenchuan Earthquake indicate that the northern and southern segments may be extremely important stress concentration and transformation nodes for the regional stress regime. In these regions, the stress characteristics are completely different from those of the middle segment. The surface area of the middle segment of the Longmenshan fault belt is not an area of stress buildup, but instead an area of stress release and surface rupture for the Wenchuan Earthquake.
The hydraulic fracturing in situ stress measurement data were restricted by the test method, personnel, and test conditions, resulting in rather scattered measurement results. These measurement data provide the information on crustal dynamics and other additional factors. Utilizing the in situ stress data to analyze the geodynamic characteristics of a great earthquake may be the most direct and effective means of understanding an earthquake. In the future, μ m , as an index of frictional characteristics for regional faults, and as an indicator of stress buildup in regional shallow crust should be applied to other seismically active regions in the world. At present, there is still no ideal method of estimating the deep frictional strength of seismogennic fault using focal mechanism data. Much work remains to be done in this area because the frictional strength of faults is extremely important for understanding the nucleation processes of great earthquakes.
The apparent friction coefficient μ on a fault plane equals the ratio of shear stress to normal stress. When a fault plane is moving, the apparent friction coefficient on the fault plane can be regarded as the real friction coefficient.
According to the Byerlee-Anderson theory, for different types of faults, the equations for shear and normal stresses on the fault plane can be expressed as follows:
For a thrust fault : τ ¼ S H − S V 2 sin2 α; σ n ¼ S H þ S V 2 − S H − S V 2 cos2 α
ðA:2Þ
For a normal fault :
ðA:3Þ According to the above three equations, the apparent friction coefficient is not only relevant to stress magnitudes but also depends on pore pressures. When μ N 0.6, the strength of the fault is equivalent to that of the surrounding crust; when 0.6 N μ N 0.3, the strength of the fault is medium, and when μ b 0.3, the strength of fault is weaker than that of the surrounding crust.
The fracturing process in the crust is very complicated; however, from the macro analysis of these phenomena, an increasing shear stress is the driving force for a fault slip, and the controlling resistance force is the normal stress on the fault plane. Therefore, the ratio of maximum shear stress (S 1 − S 3 ) / 2 to the mean principal stress (S 1 + S 3 ) / 2, μ m , is also a parameter that describes the failure state of the crust. Townend and Zoback (2000) thought that the crust was in a critical equilibrium state, and that the stress state was stable or relatively stable, through the movements of faults and seismic events. Under critical stress conditions, the ratio of differential stress to the mean principal stress should be within a stable range. From another angle, μ m also reflects the buildup level of regional stresses. The greater the μ m , the higher the stress buildup, and vice versa. When the stress buildup reaches a certain level, the stress is released through fault movements so as to keep a stable crust. μ m can reflect the strength of faults with regard to the angle of regional stress buildup; a high stress buildup level implies high strength of the regional faults.
If the role of pore pressures is considered, μ m can be expressed as follows:
8Þ
With respect to the previous discussion, when faults fail, the relationships between the three principal stresses can be expressed as follows: therefore, there exists a certain rule between μ m and μ as follows:
